Tobacco dependence is difficult to treat, with the vast majority of those who try to quit relapsing within the first year. Improvements in smoking cessation therapies may be achieved by improving current preclinical research methods. However, most experimental tests in animals use nicotine alone, ignoring the 8000 other constituents found in tobacco smoke. To improve on this model, we have used selfadministration to test the reinforcing properties of aqueous cigarette smoke extract (CSE) in rats, made by bubbling cigarette smoke through a saline solution. CSE is more potent than nicotine alone in both the acquisition and maintenance of self-administration, but did not exhibit higher progressive ratio responding. Mecamylamine and varenicline had similar potencies to block nicotine and CSE selfadministration, indicating the involvement of nicotinic receptors in CSE reinforcement. Following extinction of responding, reinstatement was triggered by exposing animals to a pharmacological stressor, yohimbine (2.5 mg/kg, i.p.), alone and in combination with cues. Animals that self-administered CSE were significantly more sensitive to stress-induced reinstatement than those that self-administered nicotine. Ligand binding autoradiography studies showed nicotine and CSE to have similar affinities for different nicotinic receptor types. CSE significantly reduced MAO-A and MAO-B activities in vitro, whereas nicotine did not. Although CSE inhibition of MAO-A activity in vitro was found to be partially irreversible, irreversible inhibition was not observed in vivo. These experiments show that CSE is an effective reinforcer acting via nicotinic receptors. Furthermore, it better models MAO inhibition and is more sensitive to stress-induced reinstatement than nicotine alone, which is a potent trigger for relapse in smokers.
INTRODUCTION
Nearly one in five Americans are smokers, most of whom express a desire to quit (CDC, 2008) . This yields a population of B35 million people within the United States who are current smokers who contemplate cessation; yet, the success rates of tobacco dependence treatments are extremely low. In clinical trials, up to 90% of smokers relapse within the first year of treatment; even with the most effective pharmacological treatment, varenicline, only 23% of people stay smokefree for a full year (Jorenby et al, 2006) . Development of effective smoking cessation therapies may be hampered by an oversimplified preclinical model. Nicotine is widely used as a proxy for tobacco in animal studies (eg, Coe et al, 2005; Donny et al, 1995) , although there are over 8000 compounds in cigarette smoke (Centers for Disease Control and Prevention, 2010) . Increasing evidence suggests that nicotine is not equivalent to tobacco. Smokers will not reliably self-administer nicotine (Dar and Frenk, 2004) , and denicotinized cigarettes reduce craving as effectively as standard cigarettes (King et al, 2009) . Denicotinized cigarette smoking also releases dopamine, although in different brain regions than regular cigarettes (Brody et al, 2010; Domino et al, 2013) . Monoamine oxidase (MAO), an enzyme that degrades serotonin, dopamine, and norepinephrine, is chronically inhibited in smokers (Fowler et al, 1996a,b) , yet nicotine has no effect on its activity (Oreland et al, 1981) . Furthermore, nicotine replacement therapy is not highly effective, with only 17% of treated smokers remaining abstinent after a year (Reus and Smith, 2008) .
Preclinical studies have identified a number of behaviorally active nonnicotine tobacco constituents. We and others have found that treating animals with MAO inhibitors increases nicotine self-administration in adults (Guillem et al, 2005; Villégier et al, 2007) . Tobacco alkaloids, chemically related to nicotine, also increase nicotine self-administration and increase striatal dopamine release in rats (Clemens et al, 2009; Khalki et al, 2013) . Our group has also shown that acetaldehyde dramatically enhances nicotine self-administration in adolescent, but not adult, animals (Belluzzi et al, 2005) . However, these studies all attempt to measure the effects of a small set of compounds mixed with nicotine and thus still exclude many compounds found in tobacco smoke and interactions between known constituents.
Extracts of tobacco, and its smoke, provide a way to study the collective contribution of many tobacco constituents. These have been used for many years in cancer research (see, eg, Liu et al, 2007; Sydnor et al, 1972) , and yet they have been largely ignored until recently in behavioral testing. Harris et al (2011) compared nicotine with an extract of smokeless tobacco, and found that nicotine became aversive at high doses whereas tobacco extract did not. Particulate matter, derived from an ethanol extract of tobacco, produces similar effects to nicotine on locomotor activity (Brennan et al, 2013) . Smoke extract, which contains many combustion products not present in tobacco leaf (Bates et al, 1999; Seeman et al, 2002) , has been shown to have in vitro effects on dopamine neurons that are distinct from those of tobacco extract (Marti et al, 2011) and on serotonin neurons that are distinct from those of nicotine (Touiki et al, 2007) . However, to date, there have been no studies of the behaviorally reinforcing effects of tobacco smoke extracts.
In the present study, we have used self-administration to examine the reinforcing effects of aqueous cigarette smoke extract (CSE), prepared by bubbling smoke from commercial cigarettes through saline solution. We hypothesized that CSE would be more reinforcing than pure nicotine in several phases of drug-taking behavior. Furthermore, we hypothesized that CSE would act through both nicotinic receptor (nAChR)-and non-nAChR-mediated pathways, such as MAO inhibition, and that nAChR antagonists would have differential effects on the self-administration of nicotine and CSE.
MATERIALS AND METHODS

Drugs
Nicotine hydrogen tartrate (Sigma, St Louis, MO) was dissolved in sterile saline and adjusted to pH 7.2-7.4. All nicotine doses were calculated as free base. CSE was created by bubbling the smoke from commercial cigarettes (Camel unfiltered, RJ Reynolds) through sterile saline, using a method adapted from Bernhard et al (2004) . Eight cigarettes were smoked through 35 ml of room temperature saline solution (35 ml puffs over 2 s, repeated every 30 s; B8 cm depth of saline) and the final solution was adjusted to pH 7.2-7.4. The CSE solution was prepared fresh each day immediately before experimental testing in order to minimize differences resulting from differential stability of each of the constituents. All CSE doses were defined by the nicotine content in the solution. Samples of the CSE preparations were sent to an outside facility to analyze nicotine content (UCSF Clinical Pharmacology Laboratory) and the content of every solution was confirmed using a test strip (NicCheck I, Mossman Associates, Milford, MA). Mecamylamine HCl and yohimbine HCl (Tocris Bioscience, Bristol, UK), propofol (Abbott Laboratories, Chicago, IL), varenicline HCl (National Institute on Drug Abuse), or varenicline tartrate (Sigma-Aldrich) were dissolved in sterile saline; AT-1001, an a3b4 selective nAChR antagonist (Toll et al, 2012) , was dissolved in 97% hydroxypropylcellulose (0.5% concentration in water), 2% DMSO, and 1% 0.1 M 
Animals
Adult male Sprague-Dawley rats (300-325 g) were obtained from Charles River Labs (Hollister, CA) and housed in an AALAC-accredited vivarium on a 12-h light/dark cycle (1900 to 0700 h). All procedures were in compliance with NIH guidelines and were approved by the Institutional Animal Care and Use Committee of the University of California, Irvine. Animals were handled daily before testing. Behavioral tests were conducted 7 days per week. During food training, animals had dietary restriction to maintain 85% of their free-feeding body weight.
Behavioral Studies
Apparatus. Animals were tested in a plexiglass operant chamber (Med Associates, St Albans, VT), equipped with nose pokes for acquisition studies and levers for all others. Responses at the reinforced (R) hole/lever resulted in illumination of the cue light over that hole/lever and activation of an externally mounted syringe pump that infused drug. The cue light remained on during the infusion (5.6 s yielding 100 ml of solution), then both the cue light and house light were turned off for the timeout period. Responses in the non-reinforced (NR) hole were recorded but had no consequence.
Surgery. Animals were anesthetized with equithesin (0.0035 ml/g body weight) and implanted with indwelling jugular vein catheters (Belluzi et al, 2005) . During the 3-day recovery period, cannulas were flushed daily with heparinized saline solution to maintain catheter patency. The day before initiation of self-administration, and at intervals thereafter, catheter patency was verified for rapid anesthesia by infusing propofol (5 mg/kg, i.v.). Patency was tested after each phase of the self-administration studies (eg, acquisition, antagonist tests, dose-response tests; not more frequently than every 5 days) and only animals showing rapid anesthesia were included in analyses.
Nose poke. At 3 days after catheterization surgery, animals began testing in 1 h sessions without prior food training for acquisition of self-administration. On days 1-7, testing was done at a FR1TO20 (fixed-ratio 1, 20 s timeout) schedule, on days 8-10 at FR2TO20, and on days 11-15 at FR5TO20. Following a preliminary dose-finding study, animals received either CSE or nicotine at 3.75 mg/kg/infusion nicotine content. Data were analyzed by three-way ANOVA (R/NR Â day Â dose, repeated measure on R/NR and day). Significant main effects were further investigated using paired (R/NR and day) and unpaired (dose) t-tests.
Lever press. Animals were initially trained in 30 min sessions to lever press for food pellets (45 mg rodent purified diet; Bio-Serv, Frenchtown, NJ), first at an FR1TO1 schedule, and increasing progressively to FR1TO10, FR2TO20, and FR5TO20 upon earning 50 pellets. Animals were then implanted with catheters and began 1 h drug selfadministration sessions of nicotine or CSE (15 mg/kg/ infusion nicotine content ) at FR5TO20. Upon reaching stable responding (R ¼ ± 20% over 3 days; R4 ¼ 2 Â NR; R4 ¼ 6) and after at least 10 days of self-administration, experimental testing began. Dose response. Nicotine and CSE doses were reduced for a 3-day test period in a counterbalanced design to 0, 3.75, or 7.5 mg/kg/infusion nicotine content. Animals were returned to15 mg/kg/infusion nicotine content before the next test dose. Data from day 3 at each dose were analyzed by two-way ANOVA with dose and drug as between-subject factors. Significant main effects were further analyzed with unpaired t-tests.
Progressive ratio, extinction, and reinstatement. Once stable responding at FR5TO20 for nicotine or CSE (15 mg/ kg/infusion nicotine content) was achieved, a separate group of animals was tested for 5 days on a progressive ratio (PR) schedule (Donny et al, 1999) . The number of responses required to earn an infusion was based on the following schedule: 3, 6, 10, 15, 20, 25, 32, 40, 50, 62, 77, and 95 . Following PR tests, animals were returned to the FR5TO20 schedule for at least 3 days until reaching stable responding criteria. Reinforced behavior was then extinguished by removal of drug and associated cues until responding was reduced to p20% of the last day of drug self-administration and for a minimum of 5 days. Reinstatement testing then began using three conditions in a randomized order that have been shown previously to reinstate responding for nicotine (Feltenstein et al, 2012) : Cues only, Stress only (yohimbine (2.5 mg/kg, i.p., a pharmacological stressor (See and Waters, 2010) ) 30 min before testing), and Cues þ Stress. Between reinstatement tests animals were returned to extinction conditions for a minimum of 2 days or until extinction criteria were met. PR and extinction data were analyzed by two-way ANOVA on drug Â day with repeated measures on day. Reinstatement data were analyzed by drug Â reinstatement condition with repeated measures on reinstatement condition. Significant main effects were analyzed further with appropriate post hoc tests.
nAChR antagonist blockade of stable responding. Separate groups of animals were treated with mecamylamine (0, 0.5, 1, and 2 mg/kg at 15 min before test, s.c.), AT-1001 (0, 0.75, 1.5, and 3 mg/kg at 10 min before test, s.c.), or varenicline (0.3, 1, and 3 mg/kg at 15 min before test, s.c.) in a within-subject latin-square design (Toll et al, 2012) . Catheter patency was verified by administering propofol and tested for rapid anesthesia the day before or directly after each antagonist test. Mecamylamine and varenecline were tested against both nicotine and CSE, with data analyzed as a percentage of baseline responding and analyzed by two-way ANOVA with dose and drug as between-subject factors. Significant main effects were further analyzed with paired t-tests. As we have recently published data on AT-1001 inhibition of nicotine selfadministration (Toll et al, 2012) , this drug was initially tested only against CSE. Upon completion of all antagonist doses, animals were switched to nicotine self-administration and the inhibitory effects of AT-1001 (3 mg/kg) were tested.
Neurochemical Studies
nAChR ligand binding autoradiography. To compare the affinities of nicotine and CSE for various nAChR types, brains were sectioned on a cryostat, mounted to slides, and processed for binding under conditions that selectively label different nAChR types (Perry et al, 2002; Ospina et al, 1998) . Treated slides were placed in light-tight cassettes with 14 C standards of known radioactivity and exposed to Kodak BioMax MR film.
Autoradiograms were quantified using the MCID computer-based imaging system (Imaging Research). Using the standard curve, radioactivity was measured in regions of interest; ventral posterior thalamic nucleus for a4b2, medial habenula for a3b4, superior colliculus for a3b2, and dentate gyrus for a7. Specific binding was calculated by subtracting the radioactivity in the presence of excess inhibitor from total binding values. Data were analyzed using nonlinear regression with Prism (GraphPad, La Jolla, CA) to determine Ki values for CSE and nicotine at each nAChR type.
MAO activity
In vitro. MAO activity was assessed based on Hauptman and Shih (2001). A total of 100 ml aliquots of a rat brain mitochondrial homogenate were preincubated with CSE or nicotine (0-100 mM nicotine content) for 7 min at 37 1C. C-phenylethylamine for MAO-B activity were then added with unlabeled compound to achieve a final concentration of 1 mM within the assay mixture. Blanks omitted brain homogenate. After 20 min, the reaction was terminated by cooling on ice and adding 100 ml of 6 N HCl. Products were extracted with benzene/ethyl acetate for 14 C-serotonin or toluene for 14 C-phenylethylamine and centrifuged for 7 min at 1400 Â g. For scintillation counting, 4 ml of the organic layer was removed.
To test whether enzyme inhibition was reversible, 100 ml of brain homogenate was incubated with either 0 or 100 mM CSE as above, centrifuged at 12 000 Â g for 8 min at 4 1C, and resuspended in buffer twice. MAO-A and -B activity was then assayed as above. CSE inhibition was calculated as percent of control.
Ex vivo. Rats implanted with a jugular vein catheter were given 15 preprogrammed infusions spaced evenly throughout the 1 h session of either CSE (15 mg/kg/infusion), nicotine (15 mg/kg/infusion), or saline (100 ml/infusion). Following treatment, rats were killed, brains collected and homogenized, the membranes washed twice, and then assayed for MAO-A and -B activities as above.
RESULTS
Acquisition Study
A nose poke procedure was used that allows for rapid acquisition of nicotine self-administration behavior. CSE supported acquisition of self-administration behavior at the 3.75 mg/kg/infusion nicotine content dose, whereas the matched concentration of nicotine did not (Figure 1a and b). In the CSE group, there were significant main effects of day (F 14, 112 ¼ 2.057, p ¼ 0.020) and R/NR (F 1, 112 ¼ 9.014, p ¼ 0.017). The post hoc analysis revealed that reinforced responding was significantly greater than non-reinforced on the final days of each reinforcement schedule. There were no significant main effects in the nicotine group.
Dose-Response Study
For this and all subsequent experiments, a lever press apparatus was used. The level of baseline responding at the 15 mg/kg/infusion dose was similar between the CSE and nicotine groups (14.4±1.4 in the CSE group and 15.3±1.6 in the nicotine group, p ¼ 0.7), as were blood and brain levels of nicotine (see Supplementary Figure 1 ). In the doseresponse analysis, there were significant main effects of dose (F 2, 24 ¼ 3.650, p ¼ 0.041) and drug (F 1, 24 ¼ 5.281, p ¼ 0.031). The post hoc testing revealed that responding at the 7.5 mg/kg dose was significantly higher for CSE than for nicotine (p ¼ 0.040; Figure 1c) .
PR, Extinction, and Reinstatement
There were no differences between the CSE and nicotine groups at a 15-mg/kg nicotine-equivalent dose in PR testing (Figure 1d ). Following the re-establishment of baseline responding at FR5, all animals began extinction testing. The absolute levels of responding at FR5 before extinction were higher in the CSE group than the nicotine group (12.4±1.5 in the Nicotine group and 24.9 ± 3.7 in the CSE group (mean ± SEM), p ¼ 0.02). Because of this difference, further analyses were based on percent change from baseline responding. On the first day of extinction, animals that responded for nicotine reduced their responding more than those that took CSE (p ¼ 0.045, Bonferroni corrected unpaired t-test). There were no differences in later days (Figure 2a) .
In the reinstatement tests, there was a significant main effect of reinstatement type (F 3, 45 ¼ 9.463, po0.001) and a significant interaction between reinstatement type and drug (F 3, 45 ¼ 9.463, p ¼ 0.043). Further analysis revealed that reinstatement responding in the nicotine group was significantly higher than the extinction condition in all three reinstatement tests (p ¼ 0.05, 0.003, and 0.021 for the cues, stress, and stress þ cues conditions, respectively). The CSE group reinstated significantly to stress (p ¼ 0.003) and stress þ cues (p ¼ 0.04). Reinstatement responding in the stress-alone condition was significantly higher in the CSE group than the nicotine group (po0.001, Bonferroni corrected unpaired t-test; Figure 2b ).
nAChR Antagonist Study
Three nAChR antagonists-mecamylamine, varenicline, and AT-1001-were tested for inhibition of nicotine (15 mg/kg/inf) or CSE (15 mg/kg/inf nicotine content) selfadministration (Figure 3 ). For mecamylamine, there was a significant main effect of dose (F 2, 34 ¼ 9.608, po0.001), but no main effects or interactions of drug (Figure 3a) . Mecamylamine significantly reduced responding for both CSE and nicotine at the 2 mg/kg dose (po0.01, paired t-test). Non-reinforced responding was very low (o3 responses for all animals) throughout the experiment and was not affected by drug treatment. Cigarette smoke extract (CSE) is more potent than pure nicotine but equally reinforcing. (a, b) CSE supports acquisition of intravenous selfadministration at lower doses than nicotine alone. CSE with a nicotine content of 3.75 mg/kg/inj is self-administered, whereas pure nicotine at the same dose is not; n ¼ 10 for CSE, n ¼ 6 for nicotine; *po0.05, R (reinf) vs NR (nonreinf). (c) After stable responding at 15 mg/kg/inj, CSE supported responding at the lower 7.5 mg/kg/inj dose whereas nicotine did not; *po0.05 vs nicotine, n ¼ 5 all groups. (d) CSE and nicotine elicit similar responses under the progressive ratio schedule of reinforcement. There was no significant drug Â day interaction; n ¼ 9 for CSE, n ¼ 10 for nicotine.
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For varenicline, there was a significant effect of dose (F 2, 22 ¼ 18.052, po0.001), but no significant main effects or interactions of drug (Figure 3b ). Varenicline significantly reduced responding at both 1 and 3 mg/kg doses (po0.05 and po0.001, respectively, paired t-test).
For AT-1001, there was a significant main effect of dose (F 3, 15 ¼ 5.143, p ¼ 0.012) in inhibiting responding for CSE. Both 1.5 and 3 mg/kg doses significantly reduced CSE selfadministration (p ¼ 0.025 and p ¼ 0.010, respectively, paired t-test; Figure 3c ). In contrast to prior studies with nicotine (Toll et al, 2012) , AT-1001 did not fully inhibit responding for CSE at the highest dose. To determine whether this was a significant difference, 3 animals that had completed AT-1001 dose-response analysis against CSE were switched to nicotine (15 mg/kg/infusion). In these animals, AT-1001 (3 mg/kg) inhibited responding for nicotine significantly more than for CSE (p ¼ 0.011; Figure 3d ).
nAChR Binding
There were no significant differences in CSE and nicotine IC 50 values for inhibition of radioligand binding to a4b2, a3b4, a3b2, and a7 nAChRs (Table 1) .
MAO Activity
There was no significant main effect of dose in the nicotine group in either the MAO-A or MAO-B assay. All further analyses were performed with CSE only (Figure 4a ). In the MAO-A assay, there was a significant main effect of CSE dose ( significant main effect of CSE dose (F 8, 16 ¼ 103.997, po0.001) . The inhibition of MAO-B by CSE was best fit to a two-site model, with a high-affinity IC 50 of 6.06 mM (95% CI 0.0307-1199 mM, 40% of inhibition) and a low-affinity IC 50 of 72.9 mM (95% CI 0.933-5708 mM, 60% of inhibition).
MAO inhibition by CSE was partially reversible. Inhibition after washing was significantly lower than before washing in the MAO-A condition (p ¼ 0.001, paired t-test) ; however, it did not return to 100% of control values (po0.001, unpaired t-test). MAO-B inhibition was also significantly reduced following the wash (p ¼ 0.005, paired t-test), and was not significantly different from control levels (p ¼ 0.18, unpaired t-test, Figure 4b ).
There was no detectable MAO inhibition following 1 h of programmed infusions of either CSE or nicotine alone. Both MAO-A and MAO-B activities in the nicotine and CSE groups were equivalent to saline-treated animals (Figure 4c ).
DISCUSSION
This is the first direct comparison of the reinforcing properties of nicotine and CSE. Although CSE is a more potent reinforcer than nicotine, pharmacological studies indicate that nAChRs play a critical role in mediating the behavioral effects of both drugs. However, there were notable differences in the properties of nicotine and CSE. CSE inhibited MAO activity, as has been observed previously in smokers (Fowler et al,1996a,b) . Furthermore, stress-induced reinstatement was significantly higher in animals that had worked for CSE. Given the critical importance of stress as a trigger for reinstatement of smoking in humans, this may indicate that CSE may have more face validity than nicotine for use in preclinical smoking models.
In both the nose poke and lever press self-administration paradigms, animals worked for CSE at doses that yield blood levels close to that of human smokers. The minimum reinforcing CSE doses of 3.75 and 7.5 mg nicotine content/kg/ infusion found in this study are much lower than the standard 30 mg/kg/infusion nicotine dose used in most rat self-administration studies (see, eg, Corrigall and Coen, 1989; Donny et al,1995; Liechti et al, 2007) and are near the amount of nicotine a smoker receives in a single puff of a cigarette (Miller et al, 1977; Rose and Corrigall, 1997) . Furthermore, the nicotine blood levels resulting from infusions of CSE at 15 mg nicotine content/kg/infusion that modeled a selfadministration session were 50 ng/ml, approximately twice that of smokers (Benowitz, 1992) . Thus, nicotine levels resulting from lower, threshold doses of CSE would equate to human smoker blood levels. The MAO inhibitor, tranylcypromine, enhances nicotine self-administration at similar doses (Villégier et al, 2007) . However, this study is the first to report such a finding using smoke extract. Analysis of nicotine content in plasma and brain tissue revealed no differences between animals that self-administered CSE or nicotine, suggesting differing pharmacokinetic profiles do not account for this difference in potency.
Although CSE did support responding at lower doses than nicotine, the level of responding for nicotine and CSE was equivalent at the 15 mg nicotine content/kg/infusion dose. In the PR test, which is ideal for separating the reinforcing value of different drugs (Richardson and Roberts, 1996) , there was no difference between nicotine and CSE. In contrast, both acetaldehyde (in adolescents) and tranylcypromine (in adults) increased responding far beyond the peak of nicotine alone (Belluzzi et al, 2005; Villégier et al, 2007) , similar to effects seen in other labs with nicotine Self-administration of cigarette smoke extract MR Costello et al alkaloids (Clemens et al, 2009 ). However, smokers typically titrate their cigarette intake and will maintain a steady level of use for many years (Park et al, 2012) . Our results are therefore consistent with human data, in that CSE is quite potent but not as reinforcing as other drugs of abuse. Mecamylamine and varenicline reduced responding for both CSE and nicotine to the same degree. The observed reduction in responding is similar to that previously reported for nicotine self-administration (eg, Donny et al, 1995; Rollema et al, 2007) . These data suggest that nAChR activation is required for CSE reinforcing effects, a concept that is supported by our ligand binding data that showed CSE and nicotine to have equal affinity for all tested nAChR subtypes. Surprisingly, given these data, AT-1001, an a3b4 nAChR antagonist that we have previously shown to potently block nicotine self-administration (Toll et al, 2012) , was less effective in blocking responding for CSE than for nicotine alone. We have previously shown that AT-1001 does not impact responding for food at the doses used in the present study (Toll et al, 2012) . Mecamylamine and varenicline have similarly been shown to have no impact on food responding at doses we found to significantly inhibit nicotine and CSE self-administration (Levin et al, 2000; Ginsburg and Lamb, 2013) . Thus, the effects observed in this study are not likely because of a general decrease in activity. These findings suggest that different nAChR mechanisms underlie self-administration of CSE and nicotine.
Responding for CSE was more persistent during the first day of extinction than that of nicotine. Furthermore, there were significant differences in patterns of reinstatement of CSE-and nicotine-seeking behaviors. Reinstatement to nicotine-seeking behavior was similar to that reported previously, with additive reinstatement to cues and to a pharmacological stressor, yohimbine (Feltenstein et al, 2012) . In contrast, animals that had self-administered CSE reinstated more robustly to stress alone, with no additional effect of cue exposure. Prior work has identified separate neural mechanisms underlying cue-and stress-induced reinstatement. Whereas cue-induced reinstatement is predominantly mediated by dopaminergic and glutamatergic pathways, stress-induced reinstatement involves corticotropin-releasing factor and norepinephrine (Feltenstein and See, 2008; Kalivas and McFarland, 2003) . Differential effects of CSE and nicotine on these pathways may reflect their differing potencies as inhibitors of MAO-A and -B, the important regulators of catecholamine function (Bortolato et al, 2008) .
In contrast to the lack of effect of nicotine, CSE inhibited both MAO-A and B in vitro. There are several known MAO inhibitors in tobacco smoke, including 2-napthylamin (Hauptmann and Shih, 2001) , harman, and norharmane (Herraiz and Chaparro, 2005) , yet these are all reversible. However, the inhibition produced by CSE was only partially reversible, suggesting that there may indeed be an irreversible MAO inhibitor in CSE. Consistent with our present findings, extracts of unburned tobacco or smokeless tobacco exhibit very little MAO inhibition activity (Alford et al, 2006; Castagnoli et al, 2002) , whereas smoke extract potently inhibits MAO (Castagnoli et al, 2002; Lewis et al, 2012) with both irreversible and reversible components (Castagnoli et al, 2002) . Although we found irreversible inhibition of MAO-A activity in vitro, irreversible inhibition was not observed in washed brain membranes following in vivo administration of CSE. Brain nicotine levels in CSE-treated animals were B1.3 mM, close to the lowest tested CSE concentration in the MAO assay (1.56 mM), that induced 6±2% and 4±3% reductions in MAO-A and -B activity, respectively. However, because the nonnicotine constituents of the CSE may penetrate the brain differently than nicotine, care must be taken when extrapolating the in vitro results to the behavioral studies. Our work shows that CSE can inhibit MAO across a range of doses at which nicotine has no effect; however, further work is required to determine if CSE is having such an effect in vivo. Thus, any irreversible MAO inhibitor in the CSE may either be present at a very low concentration in vivo or unable to penetrate the brain.
Our group has shown that treating animals with tranylcypromine, an irreversible MAO inhibitor, enhances nicotine self-administration (Villégier et al, 2007) . However, inhibiting the enzyme alone was insufficient to produce this effect (Villégier et al, 2007) . Acute monoamine release induced by tranylcypromine plays a critical role in enhancement of self-administration behavior, along with MAO inhibition (Villégier et al, 2007) . Norharmane, a reversible MAO inhibitor found in tobacco smoke, has similar monoamine releasing properties, suggesting that similar compounds may be present in CSE. Future studies to determine whether CSE can directly induce monoamine release would help to clarify the mechanisms underlying its behavioral effects.
There are several limitations to the current work that warrant further investigation. The primary challenge in interpreting these results is that the exact composition of CSE is unknown. Furthermore, the nonaqueous components of cigarette smoke are not included. In addition, there is a possibility that the composition of CSE was not consistent between batches, either because of variations in the cigarettes themselves or minor inconsistencies in the preparation. However, the effects on self-administration of CSE compared with nicotine remained consistent across multiple tests, suggesting that any variations were not behaviorally relevant. Our results therefore provide proof of concept that CSE is more reinforcing than pure nicotine and pave the way for future studies to fully characterize the compounds responsible for these behavioral effects. CSE self-administration represents a novel way to include the nonnicotine effects of tobacco smoke in a preclinical model. CSE self-administration has better face validity as a model of smoking than pure nicotine by including many tobacco constituents. Furthermore, CSE increased potency and enhanced stress-induced reinstatement, a potent trigger for relapse in smokers (Cummings et al, 1985) . Furthermore, we have shown that one potential therapy for tobacco dependence behaves differently in this model than in nicotine self-administration. Screening smoking cessation therapies in the CSE self-administration model thus may have improved predictive validity and be an important tool in the pursuit of better treatments.
